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ACOUSTIC IMPEDANCE AND ITS MEASUREMENT. 


By A. E. KENNELLY AND K. KuRoKAWA. 
Received, June 15, 1920. Presented, May 12, 1920. 


Ir is the object of this paper to describe some measurements of 
acoustic impedance and to offer a technique for such measurements in 
the laboratory. 

Definitions of Acoustic Impedance and Acoustic Impedance Density: 
If a small thin rigid disk, or circular diaphragm AB, Figure 1, fitting 
without edge friction, in a smooth cylindrical tube TT, T’T’, of S sq. 
cm. internal area, be actuated, through the central rod, by a simple 


alternating mechanical force, or vibromotive force (vmf.) F root- 


mean-square dynes, directed along the axis of the tube; then the 
effect of the force, neglecting the friction of the air on the walls of the 
tube, will be to set up an alternating velocity x cm. per second, in the 


FicgurEe 1. Diagram of Longitudinal Section of an Acoustic Tube with 
Vibrating Disk. | 


air or other fluid contained in the tube. The maximum cyclic ampli- 
tude of vibration + x», cm. about the quiescent position, is supposed 
to be very small. The fluid filling the tube on each side of the disk 
may be compressible, as in the ordinary case 6f an air tube. The 
maximum cyclic velocity of the fluid x» in contact with the disk, must 
be the same as the maximum cyclic velocity of the disk itself. In the 
case of a rigid disk, this velocity would be the same at all parts of its 
surface. The magnitude and phase of this velocity for a given vmf. 
will depend upon the impedance to vibration of the column of fluid on 
each surface. This impedance to vibration velocity, of the fluid in a 
tube at a driving section, may be called the acoustic impedance of the 
fluid, at each of the two surfaces of the disk. 
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Acoustic impedance is the planevector sum of acoustic resistance and 
acoustic reactance. Acoustic resistance absorbs and dissipates the 
energy of acoustic vibration. Acoustic reactance cyclically stores and 
releases, without dissipation, the energy of acoustic vibration. If we 
denote the acoustic impedance of the fluid on sides 1 and 2 of the disk 
by zZ, and Z respectively; then the vector root-mean-square velocity 
of vibration at the disk surface will be: 

rms. kines,’ or em. per sec.Z (1) 

Zi + Z Z 
where Z is the total acoustic impedance to velocity of the fluid in the 
tube, at the disk, 


x 


I acoustic absohms Z (2) 


or 
x or dynes per kine Z 


F being taken as of standard phase. 

If we employ the C. G. S. system of units throughout, the acoustic 
impedances Z and Z may be expressed in vector acoustic absohms, 
An absohm in acoustic resistance is therefore such a total resistance to 
vibration at the surface of a disk, subjected to a simple harmonic 
vibromotive force of 1 rms. dyne, as will cause a vibrational velocity 
to be produced of 1 cm. rms. per second, in phase with the vmf. An 
acoustic impedance is, however, a planevector quantity, having both 
a size and a slope, and is expressible in complex numbers. If the 
slope of z is + 8°, the phase of the velocity will be retarded, by (1), 
through 8° behind the vmf. Acoustic impedance is presented by the 
air in contact with a vibrating telephone diaphragm, and measure- 
ments made of the impedance offered by the air to a telephone 
diaphragm have shown the need for a definition of this quantity 
and of its unit. 

If the tube, on its two sides 1 and 2, is perfectly symmetrical with 
respect to the disk AB, the two impedances 2, and Z must be equal 
at least in size if not in slope; but whether equal or not, their sum 
will be equal to a total vector impedance zZ acoustic absohms Z. 

The impedance z will manifestly increase as the area of the tube is 
increased. Neglecting friction at the walls of the tube, the increase 
will be in direct proportion to the area. If S be the area of the tube 
in sq. em., then the acoustic impedance per sq. cm., or acoustic im- 


1 The kine is a name of the C. G. S. unit of linear velocity, or cm./sec., as 
proposed at a B. A. meeting. 
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pedance density, will be 3 = = vector acoustic absohms per sq. cm. 


Zz 

S 

Or, if we employ a vibromotive pressure intensity p = S vector maxl- 


mum cyclic dynes per sq. cm. to actuate the disk; then p being taken 
with standard phase: 


) acoustic absohms 
sq. cm. 


or 
The dimensions of acoustic impedance, as derived from (2), are MT"'; 
or mass-per unit of time (force divided by velocity). The dimensions 


rms. em. per sec. Z_ (4) 


_of acoustic impedance density, as derived from (3) are ML~°T-! or 


MT-!/L?. 

The acoustic impedance of a fluid at the surface of a vibrating 
diaphragm is therefore the opposition to the development of vibra- 
tional velocity at that surface under impressed vmf. Although when 
so defined, acoustic impedance involves the existence of a diaphragm 
or mechanical surface, at which the impedance is produced; yet 
acoustic impedance may be conceived of as occurring at an imaginary 
surface, such as the cross section of an acoustic tube, and without the 
interposition of a diaphragm. Moreover, acoustic impedance is not 
confined to a tube, but may occur in a region of any shape. 

We have hitherto assumed that the velocity x was the same at all 
parts of the vibrating disk or diaphragm. In any actual flexible 
diaphragm, however, such as a telephone-receiver diaphragm, the 
vibrational displacement x, and velocity «x, will be different at different 
distances from the center of the disk. If we take any elementary area 
dS of the surface of the disk, at which the velocity is 2 rms. kines, the 
power of this motion is 


dP = 273d abwatts or ergs per sec. Z (5) 


where x is taken as of standard phase and zero slope. Of this power, 
the real component is dissipated, and the imaginary component is 
cyclically stored and released. The total power delivered to the disk, 
including both sides, will be 


Ps | "gt dS abwatts Z (6) 
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3 being assumed constant over the entire surface of the diaphragm. 
This power may be expressed as 


P= 2738 abwatts (7) 
where f dS (rms. kines)? (8) 


or the vector mean velocity square 2? is the integrated mean value of 
x? over the entire surface. Under these conditions, the acoustic im- 
pedance of the tube at the disk including both of its sides, will be 


= acoustic absohms Z_ (9) 


x \2 a\? 

The mean square ratio |—}) = {=} of average to maximum central 

a 
| 


velocity or amplitude has been called the mass factor ? of the dia- 
m 
M 

Total Mechanic Impedance._on a Diaphragm: When a telephone 
diaphragm is set in vibration under an impressed vmf., due to a 
simple harmonic alternating current in the coils, the maximum cyclic 
velocity of the diaphragm over the poles depends upon the total 
mechanic impedance to motion. The vector vmf. F may be taken as 
proportional to the exciting current I rms. absamperes flowing through 
the coils.° 


phragm denoted by 


F=AIl rms. dynes Z_ (10) 


Here A is the vector force factor of the instrument, and ordinarily 
has a slope 8°, of about —30°, so that the vmf. F has the same fre- 
quency as I, and lags in phase behind I by this angle 8°. The total 
mechanic impedance 2’ of the diaphragm limits the max. cyclic 
velocity to 

F F 


er rms. kines Z_ (11) 


r= 


total mechanic absohms Z_ (12) 


or s = 


2 Bibliography 9, page 477. 
3 Bibliography 7, 8 and 9. 
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z’ contains an internal mechanic impedance Z,, and an external acous- 
tic impedance 2, including both surfaces of the diaphragm. If the 
receiver is operated im vacuo, the external acoustic impedance Z dis- 
appears, and the total mechanic impedance on the diaphragm is 
reduced to Za. 

The rms. velocity x of a telephone receiver diaphragm, and also 
the impressed vmf. F, can be measured electrically in the laboratory 
by mapping out the motional impedance diagram, and measuring the 
amplitude of vibration at resonance. Consequently, by means of (12) 
the total mechanic impedance on the disk can be evaluated. If we 
measure the internal mechanic impedance, we can then find z the 
acoustic impedance, and ascertain how it varies under different 
conditions. The measurements described in this paper offer a start- 
ing point in this direction. 

Brief History of the Method: In preceding researches on the motional 
impedance of telephone receivers, the receiver has been usually 
regarded as a motor, and the mechanic resistance of the receiver 
diaphragm as a motor load, partly due to internal frictions, and partly 
to external acoustic wave emission. In a few cases, the mechanic 
resistance was varied, either by operating the receiver in a partial 
vacuum, or by attaching to the diaphragm a disk vane immersed in a 
damping fluid.* In the research here described, however, the results 
obtained have led to changing the function of the tested receiver from 
a reciprocating motor to a reciprocating generator of sound, with the 
object of studying the reaction, or change of acoustic load, on this 
generator, produced by sound reflection and absorption. It is believed 
that the method here described is susceptible of numerous applica- 
tions in the science of acoustics. Although the definition of acoustic 
impedance offered in this paper is believed to be new; yet the concept 
can be discerned in the writings of various acousticians.® 

Outline Theory of the Method: It has been shown in preceding pub- 
lications, that if A is the force factor of a telephone receiver in dynes 
per absampere Z, a complex or planevector quantity having the 
lagging slope 6°, and representing the electro-magnetic pull upon the 
diaphragm per rms. absampere of exciting current I, taken at stand- 
ard phase, Z’ is the motional impedance of the receiver as measured 
at the impressed frequency, and with a given acoustic load (absohms 


4 Bibliography 9, pages 460-462. 

§ Bibliogra grapay 15 15. Since delivering this paper the authors’ attention has 
been directe Drysdale’s recent Kelvin lecture (Bibliography 20) where 
this theory is ft 
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Z), 2 is the mechanic impedance of the diaphragm at the same 
frequency and load (dynes per kine Z or mechanic absohms Z ). 
Then z the rms. vibrational velocity of the — over either pole 
of the receiver is 


rms. kines Z_ (13) 
If the mechanical impedance 2’ is reactanceless, as happens at the 
impressed frequency of apparent resonance, it degrades from a com- 
plex quantity to the real quantity r”, or mechanic resistance. In 
this case, the phase of the velocity 2x will be the same as that of the 
product (AI). Taking the phase of I as standard, or its slope as zero, 
that of A is — B°; so that 2 will then lag 6° behind I in phase. In 
general, however, with mechanic reactance present, the phase of x 
will be displaced from that of (AI) by the slope of 2’. 
Again, 
re A? electric absohms Z 
Z = = — or C.G.C. magnetic (14) 
J units of resistance Z 


This means that in the motional impedance circle of the receiver, at 
any impressed frequency, the vector motional impedance Z’, 
obtained from electrical measurements with a Rayleigh bridge, is 
equal to the square of the complex force factor A, divided by the total 
mechanic impedance 2’ at that frequency. At the frequency of 
apparent resonance, this becomes 


A? 
Zo = electric absohms Z (15) 


since Zz’ degrades at resonance into the total mechanical resistance r”. 
The slope of the motional impedance Z’ will then be the same as the 
slope of A?, or —26°. Zé is thus the diameter of the motional imped- 
ance circle, in the ordinary simple case, where the telephone is tested 
for its motional impedance. 
From (14) it follows that, at any impressed frequency, the total 
mechanic impedance 2’ is 
dynes per kine Z 
AVY or mechanic absohms Z (16) 
Consequently, if we divide the complex constant A? by the measured 
motional impedance Z’, we obtain the size and slope of the total 
mechanic impedance of the diaphragm at this frequency. 
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The total mechanic impedance 2’ is made up of several mechanic 
impedances; namely, 


(1) The mechanic impedance of the diaphragm 
Za= rat) (mae mechanic absohms Z_ (17) 


(2) The virtual mechanic impedance of the diaphragm ® due to its 
motion in the permanent magnetic field 


pA jf opi Aj 


Zz, =. =r+ = sinB + co 
Ww Ww 


—_—— cos 


mechanic absohms Z_ (18) 


The real part of z,, although varying inversely with », is ordi- 
narily taken as constant to a first approximation, the working 
range in w being usually small. 

(3) The acoustic impedance 2; of the air in the chamber behind the 
diaphragm, and which varies, in some manner similar to (17), as 
the impressed frequency is varied. 

(4) The acoustic impedance 2 of the air in front of the diaphragm, and 
which constitutes the load to be varied. 

Consequently, 


+ mechanic absohms Z_ (19) 


Keeping the impressed frequency constant, Za, Z», and 2, will remain 
constant; but Zz. can be made to vary by changing the acoustic load. 
The changes in the electric impedance, measured on changing the 
acoustic load, enable the latter to be computed. Moreover, by 
observing the changes in Z’ when the frequency is varied, if allowance 
can be made for the changes thereby produced in Za, Z, and 2,, the 
variations in the acoustic impedance Z may also be computed. 
Measurement of Acoustic Impedance of the Air Column in a Tube 
of Varied Length: A straight smooth fibre tube 87.8 cm. long, 3.1 em. 
internal diameter, and 3.9 cm. external diameter, was supported 
horizontally, by metallic strips packed with felt, over a wooden base 
BB, Figure 2. The tube TT was brought into contact with the cover 
of a regular form of bipolar telephone receiver R, as is shown in detail 
by Figure 3. The axis of the tube was in line with the axis of the 
receiver. A hard rubber piston PP slides freely in the tube, and can 


6 Bibliography 16. 
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be set at any desired position within it, by means of the projecting 
brass rod r. The telephone receiver R is clamped, by means of a 
metallic strip, on to a wooden pedestal rising from the base BB. 


87-8 cm. 


Figure 2. Side Elevation and Plan of Experimental Tube. 


The telephone receiver used in the tests here described was a bipolar 
Western Electric Company’s instrument of a well known pattern, 
provided with a composition cap or cover. This cover had its opening 
enlarged, as is shown in Figures 2 and 3, so as to connect more easily 


with the acoustic tube TT. 


FIBER 3 
FIBER WAX MQ. GD” mr 


= 
SY =P 
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NG 


WDA 


Figure 3. Longitudinal Section of Air Tube and Telephone Receiver 
fastened to the Same. 


The electric impedance of the receiver was measured in the Rayleigh 
bridge shown in Figure 4. The adjustable-frequency source S, was a 
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Vreeland oscillator in some of the tests, and a triode vacuum-tube 
oscillator in others. The resistance R was adjusted to give an alter- 
nating current of 3 rms. milliamperes to the bridge. In some tests, 
this current was raised to 4 milliamperes. Half this current passed 
through the receiver Z, and the other half through the adjustable 


anti-inductive resistance r, and variometer /. The two arms a and b 
of the bridge are of equal anti-inductive resistances. The current- 


detector, or galvanometer, was a pair of medium-resistance head 
telephones. 


DAAAAAAAA 


Figure 4. Electric Connections of Rayleigh Bridge for measuring the 
Motional Impedance of the Telephone Receiver Z. 


The measurements were all made with approximately constant a-c. 
strength through the measured receiver Z. The measured imped- 
ance of the receiver did not, however, vary materially over a small 
range in current strength; so that it was not important to keep 
the current strength very nearly constant. The current was ascer- 
tained and adjusted by means of a static voltmeter V, bridged across 
an anti-inductive resistance s of 3000 ohms. In some of the tests, a 
thermojunction and d-c. galvanometer were substituted for s and V. 
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Technique of Measurements: A series of measurements is first made 
of the apparent resistance R and inductance L of the receiver 2z, 
Figure 4, over a fairly considerable range of frequency; so as to in- 
clude the resonant frequency f, of the receiver, which is allowed to 
vibrate in the free air of the testing room. This series of measure- 
ments of R and L at varied frequency, but constant testing-current 
strength, is then repeated without delay, with the diaphragm damped, 
or prevented from vibrating. This damping may be effected in 
several ways, that have been described in preceding publications.” 
A convenient procedure, however, has been found to consist in form- 
ing a T of paraffin wax, and melting the extremities of this with a hot 
wire, so as to press gently, but adherently, on the center of the dia- 
phragm, and also across a diameter of the receiver cap, as is indicated 
in Figure 5. By this means, the diaphragm is prevented from vibrat- 


Figure &. Diagram indicating the mode of clamping a Receiver Diaphragm 
by the application of a Wax Bridge or T. 


ing without altering the normal airgap. When great precision is not 
desired, a still swifter and simpler method of damping the receiver, is 
to insert a round plug of wood, wax, or other solid material, into the 
hole in the receiver cap, so as to plug this hole without touching the 
diaphragm. This method of damping the receiver has been called 
“acoustic damping.” It permits of some vibration of the diaphragm, 
especially towards higher impressed frequencies; but the cushioning 
of the air, by the inserted plug, prevents the vibration from exceeding 
a small fraction of that which occurs with the plug withdrawn. In 
other words, the acoustic impedance Zs: of such a plug and air cushion 
is very large. 


7 Bibliography 7, 9. 


my 
Gy 
4 
« 
Le 
adie 
af 


ACOUSTIC IMPEDANCE. 13 


The “damped impedance” of the receiver is subtracted vectorially 
from the “free impedance,” for a number of successive frequencies. 
The differences, or “motional impedances”’ of the receiver are plotted 
on a separate diagram. The ordinary motional-impedance diagram 
of a receiver, thus tested in the open, is very nearly a circle passing 
through the origin; i. e., the well known motional-impedance circle. 
The motional-impedance circle of the tested receiver is given in Figure 6. 


55°6 
Its diameter is 158\ 55-6 ohms; so that the angle B° = — - — 27°8. 
RESISTANCE OHMS 
-20 0 20 40 60 80 100 120 
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— 6. Motional Impedance Circle of Telephone Receiver Used in the 


The d-c. resistance of this receiver at 20°C is 86.4 ohms; so that the 
motional impedance per unit of d-c. resistance, Z3/R, for this instru- 


ef 
=< 
H 
‘ 
F 
4 
‘ 
-100 
| 
4 
ae 
OF 
bees 
ar 
| 


14 KENNELLY AND KUROKAWA. 


ment is ® 1.83 55:6. The angle 8°, according to theory, is the angle 
which the locus of damped impedance makes with the vertical or X 
axis, in the neighborhood of the resonant frequency. The frequency 
of apparent resonance is f, = 930.6~ at 20°C. The quadrantal fre- 
quencies are f; = 912~ and fo = 953~; so that A = 4lm7 = 128.8 and 
the sharpness of resonance A, = 2af,/A = 45.4. 

The next step is to connect the receiver to its acoustic load. In the 
case of Figure 2, the load is the cylindrical column of air in the tube 
TT. The resistance and inductance of the telephone are now meas- 


\ 
/ / / 


, OHMS 
x 


= 


~ 


RESISTANCE AND REACTANCE 


— 


1 1S 2 


2 
LENGTH OF AIR CoLumN . CM 


Figure 7. Curves of Apparent Resistance and Reactance of Receiver 
when attached to Air Column of successively varied Length. 


ured at successive positions of the piston P, holding the frequency f, 
and alternating-current strength, constant. The values of receiver 
resistance and inductance so measured, are found to fluctuate period- 
ically as the length L of the air column in the acoustic load changes. 
Figure 7 gives a pair of wavy curves in one test, at f = 921~ andI = 
1.575 milliamperes rms. in the receiver. 


8 Bibliography 16, page 527. 
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It is important that the frequency and the temperature in such a 
test should be held as nearly constant as possible. The frequency 
should be near to the resonant frequency f,. If the frequency is 
remote from the resonant frequency, the mechanic reactance of the 
diaphragm is likely to be so large that the addition of the acoustic load 
to be measured will not affect the vector motional impedance materi- 
ally; whereas at resonance, a small change in added acoustic load will 
be likely to affect the motional impedance considerably. 

The variations in R and X indicated in Figure 7, represent corre- 
sponding variations in the electric impedance Z = R+ 7X. These 
are due to variations in the acoustic impedance Z, which is the subject 
of investigation. The curves of R and X in Figure 7, represent total 
apparent resistance and reactance, in the receiver, at varying air- 
column lengths. The values Ra and Xq indicated on the left-hand 
side of the figure, are respectively the damped resistance and react- 
ance of the receiver at this frequency. With reference to the imped- 
ance Zz = Ra + j Xa, as origin, the values of motional impedance Z’, 
corresponding to the successive air-columns, are plotted vectorially in 
Figure 8. The numbers marked on this spiral are air-column lengths 
incem. It will be seen that at L = 0cm., or with the piston within 
1.5 mm. of the diaphragm, the motional impedance was 12.5V 75:4 
ohms. This value was nearly repeated with L= 19cm. At L = 10 
cm., however, the motional impedance had increased to 142.8V 42°1 
ohms. The curve is a slowly contracting spiral, with a pitch of 18.7 
em., which is half a wave length at 921~; since the velocity of sound 
at 20°C being 34,430 cm. per sec., the wave length \ = 34,430/921 = 
37.38 cm. 

In order to utilize the motional-impedance diagram of Figure 8 for 
determining the acoustic impedance of the load in front of the receiver 
diaphragm, we may refer to equations (16) and (19). Equation (16) 
shows that we must find Y’, the vector reciprocal of the motional 
impedance, and multiply by the square of the vector constant A of the 
receiver, in order to derive the total mechanic impedance z’ on the 
diaphragm. This means that we must invert the diagram of Figure 8, 
or find the locus of the reciprocal spiral. 

If we operate upon the graph of motional admittance by the vector 
factor A?, where A = 5.138 X 10° V 27°8 (the value measured for 
this particular receiver)*; i.e., multiplying each vector admittance 


9 In order to determine the value of the vector force factor A, it is necessary 
to measure the amplitude of receiver diaphragm vibration at resonance, as has 
been described in preceding papers, Bibliography 9. 
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by 26.4 X 10" Y 55°6, we obtain the total mechanic impedance 
graph of Figure 9. Here the curve is carried from L = 0 em. to 
L = 62cm. Thus in Figure 8, the vector 0-18 measures 26 X 10° Y 
92°6 absohms. The reciprocal of this is Y’ = 0.03846 X 10-9 Z 92% 
abmhos. Multiplying this reciprocal by A? = 26.4 10!2 55°%6, 


RESISTANCE , OHMS 


0 20 80 100 1 
ASA 


IP A 


T 


FicurE 8. Motional Impedance Diagram of Receiver at Constant 
Impressed Frequency (921 ~ ) with varying length of Attached Air Column. 


we obtain 1.015 X 10* Z 37° dynes per kine. This is the vector 
total mechanic impedance, at 18 cm. of air-tube length. It will be 
observed that the curve is a spiral, with the same direction of rotation 
as in Figure 8, but the relative positions of observation points about 
the axis have been changed. In Figure 9, the straight line A BC D E 
is the axis of the acoustic impedance spiral. | 

Analysis of Figure 9 indicates that the acoustic impedance OA = 
160 \ 7°5 mechanic absohms is the total internal mechanic imped- 
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ance (Z¢ + Z, + Z,) at the impressed frequency of the measurement 
(921 ~). This leads to the inference that if the acoustic impedance 
in the tube and in front of the receiver diaphragm could be com- 
pletely removed, the mechanic impedance left in and behind the 
diaphragm would be the vector impedance OA. This would cor- 
respond to a vector motional impedance Oa = 165 Y 48°1 on Figure 
8. Oa is therefore the inferred motional impedance for the case of 
removal of all acoustic load from the front of the diaphragm. The 
addition’ of the acoustic load of the air column in the tube is a vector 
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Figure 9. Graph of Total Mechanic Impedance on Receiver Diaphragm 
obtained by inverting the graph of Figure 8 and multiplying by A?. Heavy 
curve connects observation values. The dotted curves represent the com- 
puted values. 


with its origin at A, Figure 9. The spiral locus 0124... .62 is the 
spiral of vector impedance of the tube acoustic conductor, with its 
distant end sealed at distances of 0124....62 cm. from the dia- 
phragm, or more strictly from a plane 1.5 mm. in front of the dia- 
phragm, where the tube may be considered as beginning. This spiral 
impedance conforms fairly well with the familiar expression 


z, tanh 54 dynes per kineZ (20) 


where z, is the “surge impedance”’ of the tube, or the acoustic imped- 
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ance offered to this frequency by an indefinitely great length of the 
tube, and 6, is the “ position angle” at the sending end A of the tube 
as the length of the same is varied. The value deduced for z, is 
187 Y 5°2, or AZ on Figure 9. This point Z is thus the inferred 
inner terminus of the spiral E D C B if the tube were prolonged indefi- 
nitely. The hyperbolic angle 64 appears to be 


54 = {L (0.000706 + 70.107) + (0.0974 + j0.97)} hyps Z (21) 


In the electric-conductor analogy, if the tube were stopped with a 
perfectly reflecting air-tight plug, the position angle at the point of 


stoppage would be 7 ; hyperbolic radians or j 1; i.e., one imaginary 


quadrant,’ or 90°. This imperfection of the plug apparently alters 
this to 0.0974 + 7 0.97. 

The dotted spiral in Figure 9 indicates the computed locus accord- 
ing to (21). The agreement between the heavy spiral of observations 
and the dotted spiral of formula (21) is seen to be fairly satisfactory. 
At the time when the observations were made, the theory of the 


analogy between the impedance of an acoustic-tube conductor and - 


that of an electric-line conductor had not been reached. It has been 
pointed out, however, by Fleming ! and Fitzgerald /* that an analogy 
exists between the waves along air tubes and electric waves. 
According to this analogy, therefore, the plugged tube of varied 
length offered an acoustic impedance similar to the electric impedance 
of a uniform alternating-current line, of varied length, put to ground 
in each case at the distant end through a certain leak, or high resist- 
ance. At each quarter wave of tube lengthening, the impedance 
of the tube crosses the axis of z, and reaches alternately a high and a 
low value. Thus at C = 37.7 cm., the impedance is a maximum: 


Zs7 = 187 V 5°2 tanh {(0.0266 + 7 4.03) + (0.0974 + 7 0.97)} 
= 187 Y 5°2 tanh (0.124 + 75) 
= 187 V 5°2 coth 0.124 = 187 ¥ 5°2 & 8.106 = 1517 V 5°2, 
acoustic absohms Z 


The quarter wave length is 9.35 cm.; so that at L = 0.30, 19.0, 37.7, 
56.4 em., the acoustic impedances should be maxima, and should fall 
on the axis of z, at E, D, C and B respectively; while at L = 9.65, 


10 Bibliography 11 and 13. 
11 Bibliography 12. 
12 Bibliography 2. 
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28.35, 47.05 em., the impedance should be a minimum, and should fall 
on the same axis, nearer to A. All these requirements are fairly well 
met in the diagram of Figure 9. 

It is thus possible, by making purely electrical measyrements of the 
motional impedance of a telephone receiver, to arrive at the cor- 
responding variations in acoustic impedance, when the acoustic load 
is varied, at constant impressed frequency. In the case of a simple 
air tube of varied length, the acoustic impedance appears to follow 
substantially the same quantitative behavior as the electric imped- 
ance of an alternating-current line of correspondingly varied length. 

In the case of an electric line, we can always determine the values 
of the line angle @ and the surge impedance z,, at a point, by succes- 
sively grounding and freeing the line at the distant end, and measur- 
ing the corresponding impedance Z,4 and Z;4 at the home end A. 
The ratio of these two impedances is tanh?64 and their product is Zo. 
In the case of a tube or acoustic line, we can approximately free the 
line, by plugging the tube at the far end with a smooth hard plug, 
which is designed to serve as a perfect sound reflector; but no means 
are at present available for “ grounding”’ the acoustic line. With the 
tube wide open at the distant end, there is still an appreciable acoustic 
impedance in and beyond the open end. If the tube opens into a 
room or walled space, this terminal acoustic impedance will, in general, 
possess some reactance due to reflections from the walls; but if the 
tube terminates in the open air, the terminal acoustic impedance is 
likely to have only a small reactive component or slope. If the 
amount of the terminal acoustic impedance o of a tube opening out of 
doors, could be ascertained from the geometry of the tube, it would be 
readily possible to compute @ and z, from the acoustic impedance Z;4 
with the distant end plugged, and Z,4 with the distant end open to the 
free air. Until o can be satisfactorily predetermined, it will be neces- 
sary to measure @ and Z, by indirect electrical methods, and to deter- 
mine o from the differences between Z;4 and Z,4. -Such investiga- 
tions might lead to the experimental determination of o, the open-end 
terminal acoustic impedance of a tube of given dimensions. 

Effects of different Apertures at the Far End of the Tube on the Acoustic 
Impedance at the Sending End: Figure 10 shows several motional 
impedance diagrams for the case of a fixed length of the same air- 
tube (87.8 cm.), each diagram being taken at constant impressed 
frequency, and with different sizes of circular aperture in the plug at 
the distant end of the tube. The tube was closed with a flat slab of 
fiber 0.62 ecm. thick. Circular holes marked Nos. 1, 2, 3, and 4 were 
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cut in different parts of this slab, with the following diameters; No. 1, 
0.6 cm.; No. 2, 0.95 em.; No. 3, 1.3 em.; No. 4, 1.6 em., and No. 5, 
full tube aperture (3.1 cm.); i.e., with slab removed. No. 0 repre- 
sents the case of a complete closure of the tube by the unpierced slab. 
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Ficure 10. Motional Impedance of Receiver at Constant Impressed 4 
Frequencies, attached to Air-Tube of Constant Length (87.8 em.) with aper- g 
tures of different diameters at far end. 4 


The origin of the diagram is at K, Figure 10. At the constant fre- 
quency of 850~, the successive motional impedances of the receiver 
attached to the tube, with successive terminal orifices 0-5 were K-O, 
K-1....K-—5. The ends of these vectors are connected by the curve 
AA. Repeating the motional-impedance measurements at the suc- 
cessive steady frequencies of 901, 921, 949 and 1000~, the corre- 
sponding vector loci with different terminal apertures are marked on 
the curves BB, CC, DD, and EE. 
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It is evident that the motional-impedance variations, due to vary- 
ing the distant-end orifice of the tube, are greatest on the long curves 
CC and DD, apparently because the frequencies pertaining to them 
(921~ and 949~ respectively) lie nearest to the resonant frequency of 
the receiver, when loaded with the tube under these conditions. For 
sensitiveness in the measurement of tube terminal effects in the re- 
ceiver, the frequency of 850~ was too low, and that of 1000~ too 


high. 
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Figure 11. Total Mechanic Impedance at Receiver Diaphragm by Inver- 
sion from Figure 10 and Multiplying by A?. 


The mechanic impedance at the receiver diaphragm, in the various 
measurements recorded in Figure 10, are presented in Figure 11, after 
inversion and multiplication by A?. These mechanic impedances are 
vectors, expressible in mechanic resistance and reactance, as dynes 
per kine, or mechanic absohms, as may be preferred. The origin in 
Figure 11 is at k. The vector graph A A of Figure 10, becomes con- 
verted into the vector graph a a of Figure 11, B B into bb, and so on. 

It will be observed that the most sensitive graphs C C and D D of 
Figure 10 give rise to graphs cc and dd in Figure 11, revealing only 
small changes in mechanic resistance, but relatively large changes of 


mechanic reactance, with change of tube aperture. On the other 


hand, ee at 1000~ includes more change in mechanic resistance 
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a 


(230 to 980 dynes per kine) than in mechanic reactance (j 630 to j 920 
dynes per kine). This indicates that the changes in acoustic load, 
effected by altering the tube aperture at the distant end, may pre- 
ponderate in mechanic resistance, or in mechanic reactance, depending 
upon the impressed frequency, and the system of stationary sound 
waves set up in the tube. 

Another set of measurements was made with the same telephone 
receiver and fiber tube plugged at various tube lengths, but with a 
row of holes, like those of a flute, bored in the tube wall. The diameter 
of each hole was 6.5 mm., and their distance apart, between centers, 4 
cm. Removable plugs were inserted in these holes. The motional 
impedance of the receiver was measured, at four steady frequencies 
between 900~ and 1000~, when one plug was removed at successive 
holes along the line. The motional impedance was found to be 
sensitively affected by the position of the particular plug removed. 
The results, although interesting, have not been analyzed, and are 
therefore not presented here in quantitative detail. They indicate, 
however, that the acoustic impedance of the air column in a tubular 
‘musical instrument, such as a flute, undergoes marked variations 
when the instrument is manipulated, as in playing. These changes of 
acoustic impedance might be measured, in the manner described, with 
respect to a telephone-receiver diaphragm as the source of sound. 

Motional Impedance and Acoustic Impedance of a Telephone Receiver 
pressed against the Ear: When a telephone receiver is exposed to the 
air in a large room, the total mechanic impedance on its diaphragm is 
the total internal impedance (Zz, + 2, + 2) plus the external im; 
pedance Ze» of the air in front of the diaphragm, including the cushion 
of air under the cap. The ordinary motional impedance circle of the 
instrument is measured under these conditions. When, however, the 
telephone is pressed against the ear, the external acoustic impedance 
Z is that of the air in the ear cavity, as well as in the cap of the instru- 
ment. The motional impedance of the instrument under these condi- 
tions, approximates to that actually presented in the average tele- 
phonic use of the device as a receiver of speech. 

Figure 12 gives the motional impedance circle O A B C of a bipolar 
receiver, No. 143-2, similar to that used in the tests recorded in pre- 
ceding figures. The frequency of apparent resonance was f, = 969 
when the motional impedance -was 177Y 44°2 ohms. This receiver, 
when held against the ear of a listener, as in the ordinary conversa- 
‘tional use of the instrument, gave rise to the smaller graph O D E F, 
which departs very clearly from the strictly circular form. The exact 
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shape of this graph O D EF is not regarded as of great importance; 
because, if the instrument was placed against the ear with less or more 
pressure, or if it was centered differently on the ear; or if some other 
ear was selected, the shape of the graph would be likely to be altered 
appreciably. To a first approximation, however, the graph O D E F 
may be regarded as an approach to the dotted circular motional im- 
pedance OG E H, which may be described as the motional circle of 
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Figure 12. Motional Impedance Graphs of Receiver in Room and pressed 
against Listener’s Ear. 


reference, with the instrument applied to this ear. It will be observed 
that the diameter of this circle of approximation is 78.5\ 44° ohms. 
The diameter O E has, therefore, substantially the same slope as the 
free-air motional impedance diameter O B; but has been reduced in 
length somewhat more than 50 per cent. The frequency of apparent 
resonance has also been changed from 969~ to 1100~, by applying the 
receiver cap to the ear. 

Figure 13 gives the corresponding mechanic impedance graphs for 
this receiver and ear. The straight line a b c, parallel to the reactance 
axis, corresponds to the motional impedance circle O A B C of Figure 
12, taken in the free air of aroom. This means that the total mechanic 
impedance of the receiver free to the room, was a constant mechanic 
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resistance of 149 dynes per kine, plus or minus a mechanic reactance, 
depending on the impressed frequency. At 969~, the frequency of 
apparent resonance, this reactance disappears, leaving the resistance 
of 149 dynes per kine as the residual mechanic impedance. 
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Figure 13. Mechanic Impedance of Receiver in Room and when pressed 
against Listener’s Ear, by inversion from Fig. 12, and multiplying by A?. 


It should be observed that any motional-impedance circle of a_ 


telephone receiver, passing through the origin of codrdinates, corre- 
sponds to such a straight-line graph of total mechanic impedance 
parallel to the reactance axis, no matter what the depression angle of 
the motional-impedance diameter may be. The application of the 
factor A’, in formula (16), cancels out the diametral depression angle. 
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In other words, all motional-impedance circles of telephone receivers 
are convertible into rectilinear mechanic impedance graphs of con- 
stant mechanic resistance, neglecting the influences which are known 
to anes the motional impedance graph from the purely circular 
form. 

If the motional-impedance circle of approximation OG EH of 
Figure 12 is accepted for the receiver applied to the listener’s ear; then 
the dotted straight line g eh, Figure 13, would represent the corre- 
sponding mechanic impedance graph, where the mechanic resistance 
is 335 dynes per kine, and zero reactance is found near 1100~. The 
curved line def corresponds more nearly to the actually recorded 
motional-impedance graph O D E F, Figure 12. The particular shape 
of this curved graph d ef may not, however, be relied upon. 

Figure 13 indicates therefore that, at least to a first approximation, 
the acoustic resistance of the listener’s ear in this measurement was 
86 dynes per kine. At higher frequencies, this resistance appears to 
increase. 

Experiments were also made with an artificial ear,** composed of 
paraffin wax, and in form modelled closely after an anatomical model 
human ear. A motional-impedance graph made for the same tele- 
phone receiver, applied to this artificial ear, agreed fairly well in form 
with the graph for the actual ear O DEF, Figure 12. The corre- 
sponding approximate circle had a diameter of 98 \ 44° ohms; or 
was somewhat larger than the circle OGEH of Figure 12, cor- 
responding to a somewhat lower mechanic resistance. It may be 
noted that a receiver, when applied to a model ear in a solid substance 
like paraffin wax, does not fit to it as closely as when applied to the 
human ear. The imperfect fit would tend to lower the acoustic 
resistance. 

With the receiver applied face downwards upon a flat slab of glass, 
a motional impedance graph was a closed curve through the origin 
roughly circular in form. The approximating equivalent circle had a 
diameter and depression angle about the same as when the measure- 


14 


13 These deviating influences are the variation in the force factor A, with 
impressed frequency, and the variation in r’ the component of hysteretic 
frictional resistance of the diaphragm, with change of impressed frequency; 
see Bibliography 16. 

14 It is Cleves that an ‘‘artificial ear,’’ consisting of a flat slab of some 
suitable substance selected experimentally, on which a receiver is laid face 
down, has been used for some years in the telephone laboratories of the West- 
ern Electric Co. in New York. 
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ment was made with the receiver open to the air of the room. The 
frequency of apparent resonance was, however, raised to 1090 ~. 

Application of the Method to the Tuning of Telephone Receivers for 
increasing their Sensilnlity: Referring to Figures 7 and 8, it will be 
seen that for the given impressed frequency of 921 ~ on the receiver 
connected to the fiber tube, varying the length of the tube through a 
range of 9.4 cm., or one quarter of a wavelength, altered the motional 
impedance from a maximum to a minimum, or vice versa, and also 
altered the maximum cyclic velocity of the diaphragm in the ratio of 
more than 8:1. From this it will be evident that when such a tube 
is inserted between the telephone cover and the listener’s ear, by the 
insertion of an ear tube into the plug P, Figure 2, the loudness of the 
sound emitted by the receiver, under steady excitation, can be adjusted 
by altering the tube length. In other words, the tube length can be 
tuned to maximum sensibility of the receiver. This principle may 
have useful applications in measurements with the telephone receiver 
as a detector. Observations made in this way have shown that this 
method of tuning is applicable over a certain range of impressed fre- 
quency. ‘Thus, if the impressed frequency is 900 ~, and the receiver 
has an apparent resonant frequency, under its actual acoustic load, of 
1000 ~ , an inserted adjustable tube may enable the resonant frequency 
to be reached at 900 ~. 

Possible Applications of the Method to Architectural Acoustics: When 
the free impedance of a telephone receiver is measured with the axis 
of the instrument horizontal, and with its cover facing a wall of the 
room at not too great a distance, it is found that, near the frequency 
of apparent resonance, the electric impedance of the instrument is 
affected by its distance from the wall. Holding the frequency steady, 
the electric impedance of the receiver is found to vary if the instru- 
ment is moved nearer to, or farther from, the wall which it faces. 
This means that the acoustic impedance, at the diaphragm, of the 
air in front of the instrument, is affected by the distance from the 
wall in relation to the wave length of the emitted sound. The amount 
of variation of electric impedance, or the sensibility of the measure- 
ment to small mechanical displacements, depends upon the sharpness 
of resonance of the diaphragm. It seems likely that this method of 
measurement is capable of being applied to architectural acoustics; 
as, for example, in the measurement of the sound-reflection coefficient 
of draperies. For such purposes, a telephone receiver should be 
selected with a small total mechanic resistance in its diaphragm, 
and with a small damping constant A; i.e., with a large sharpness 
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of resonance.'® Such an instrument would have a relatively large 
motional-impedance circle, and a small change of impressed fre- 
quency would carry the vector from one quadrantal point, through 
resonance, over to the other. Relatively feeble reflected sound waves, 
falling on the diaphragm, would thus appreciably affect the motional 
impedance, and enable the corresponding acoustic impedance varia- 
tion to be measured. 


Summary of Results. 


(1) Acoustic resistance, reactance and impedance are defined. A 
technique for their measurement is described. 

(2) Acoustic impedance is offered to any disk or diaphragm steadily 
vibrating in a fluid. 

(3) Acoustic impedance can be measured at a telephone-receiver 
diaphragm, but can be considered as existing in a fluid at any surface 
that can be drawn, and across. which sound is steadily transmitted. 

(4) When the amplitude of vibration of a diaphragm is not uniform 


-over its surface, the acoustic activity over its surface can be evalu- 


ated in terms of the mean square amplitude over the surface. 

(5) Acoustic impedance at the diaphragm of a telephone receiver, 
carrying an alternating current, can be determined by measuring 
changes in the motional impedance of the receiver under changes of 
acoustic. load. 

(6) The total mechanic impedance at a receiver diaphragm, under 
any steadily impressed a-c. frequency and acoustic load, is the recipro- 
cal of its motional impedance, multiplied by A’, the square of the 
vector forcefactor of the instrument. 

(7) The mechanic impedance graph, under varied frequency, of any 
receiver whose motional impedance diagram is a circle through the 
origin, consists of an infinite straight line parallel to the reactance axis. 

(8) By applying a telephone receiver to one end of an air tube, or 
to the mouth of any air chamber, the acoustic impedance of the tube 
or chamber can be determined in this condition, by measuring its 
effect upon the motional impedance in the neighborhood of the 
resonant frequency. 

(9) In the case of a long straight cylindrical air-tube with smooth 
walls, attached to thé cap or cover of a receiver, the stationary sound- 


15 Bibliography 7, page 133 and Fig. 11, where the receiver had a resonant 
sharpness of about 320. 
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wave system set up in the tube, at a given frequency, appears to 
correspond to the stationary electromagnetic wave system set up in a 
certain equivalent alternating-current line conductor. The quanti- 
tative relations in the two cases present remarkable analogies. 

(10) The plugging of the air tube at its distant end in the last men- 
tioned case, corresponds to freeing the a-c. electric conductor at its 
distant end. On the other hand, although the electric conductor 
can be grounded at its distant end, no corresponding means appear 
to be available for reducing to zero the acoustic impedance of the 
open end of the tube. 

(11) Applying a telephone receiver to the ear of a listener roughly 
doubled the total mechanic resistance at the receiver diaphragm, and 
also increased its apparent elastic constant. 

(12) A telephone receiver may be tuned to maximum response or 
vibratory displacement, over a certain range of impressed frequency, 
by altering the length of an air column between the receiver and the 
listener’s ear. 

(13) The method of measuring acoustic impedance electrically 
appears to be applicable to architectural acoustics. 

(14) Tubular musical instruments, such as flutes, evidently possess 
acoustic impedances that are variable under manipulation, and that 
are susceptible of measurement under the particular conditions 


described. 
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APPENDIX. 


On the Analogies between Sound-Wave Transmission along a Uniform 
Acoustic Tube Conductor, and Electromagnetic-Wave Transmission 
along a Uniform Electric Line Conductor. 


We may assume that when a telephone receiver, actuated as an 
acoustic generator, sings a pure tone steadily into a long smooth 
straight tube of S sq. em. internal cross section, arranged as in Figure 
2, the sound waves travelling along the tube are plane waves, and that 
the effects on them of friction at the walls of the tube may be neglected. 
Even if the actual conditions do not conform closely with these 
postulates, the results thus arrived at may safely be regarded as first 
approximations. 

The distance of any cross-section of the tube, measured along the 
axis, from the generator diaphragm may be expressed as lem. The 
clamping-circle diameter of the receiver diaphragm may first be sup- 
posed to be equal to the internal diameter of the tube. The very 
small vibratory displacement of the air, in a sound wave, from its 
normal quiescent position, measured parallel to the axis, in the direc- 
tion of increasing 1, may be denoted by acm. Since 2, in the assumed 
case of a pure tone and simple harmonic vibration, may be taken as 
the projection, at time ¢ seconds, on the tube axis, of the rotating 
plane vector 


instantaneous em. Z (22) 


where w is the impressed angular velocity of rotation, and 2,» is the 
maximum cyclic vibratory displacement, the vibratory velocity of a 
transverse layer of air in the tube, also measured along the axis, and 
in the direction of increasing 1, is 


= mer’ = = Ume 
at em./sec. Z 


The velocity x is also a planevector quantity, capable of being dealt 
with by the rules of complex arithmetic. Likewise, the vibratory 
acceleration will be 


(23) 


git 2, inst. kines /sec. 
ot? J or em. /sec.? Z 


(24) 
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These equations indicate that in the steady state, the acceleration 
is in leading quadrature to the velocity, which, in turn, is in leading 
quadrature to the displacement. 

The linear mass, or mass of air normally occupying | ecm. length of 


tube will be 


gm. 


m = Sp (25) 


linear cm. 


where p is the density of the quiescent air in the tube at its actual 
temperature and its normal pressure intensity p, dynes per sq. cm. 

The fundamental dynamic equation expressing the instantaneous 
acceleration of a thin layer of air dl cm. long, and having a mass m dl 
grams is 


m «dl = — oF _dynesZ (26) 


where + OF is the excess of total pressure on the far side of the layer 
above that on the near side; or 


oF dynes 27) 
= 27 
dl linear cm. 


Op dynes/sq. em. 


: 
dl linear cm. 


(28) 


where p is the excess of the pressure intensity p, dynes per sq. cm. on 
the far side of the layer above that on the near side. 
It is also a well known acoustic condition +7 that 
07x kines 
ar sec. 


Z (29) 


where v is the velocity of transmission of sound in the tube, along its 
axis, in kines. 
From (26) and (24) 
oF = — x (jmw) dl rms. dynesZ (30) 
This expresses the relation between a small difference of alternating 
pressure OF across an elementary length 01 of the tube conductor, and 


the simultaneous vibratory velocity x of the element. It corresponds | | 
to the well known relation between the difference of alternating — i 


16 Lamb’s Hydrodynamics, p. 458, Eq. (3). 
p. 458, Eq. (6). 
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electric pressure of emf. dE, across an elementary length 0/ of a line 
conductor, and the simultaneous alternating current I in the element 


dE = — I (j%w) dl rms. voltsZ (31) 


where & is the linear inductance of the conductor in henrys per km., 
and the linear resistance r of the conductor is ignored. Here w is the 
angular velocity of the impressed electric pressure, and / is the length 
of line in km., measured outwards from the generating end. 

Again, from (27) and (29), we have 


oF 072 dynes 
32 
dl ol linear em. 
Ox 7 
Integrating F = — me” al + constant dynesZ (33) 


The constant-of integration vanishes, and may be dropped, because F 
the pressure deviation from the normal pressure F’, over a cross-section 


of the tube, vanishes when =a 0. 


al 
Hence, F ol = — mv’ dx em.-dynesZ (34) 
Differentiating with respect to time: 
oF al = Fal = — mr ai 
ot sec. 
or 
cm.-dyne: 
jo F al = — mo? dz 
sec. 
and 
jw 
dx = — , Fal rms. kinesZ (37) 
mv 


The quantity mv’ may be replaced by s, the total elastic force resisting 
compression, expressed in ergs per cm. of displacement over the sec- 
tion; so that the instantaneous differential increase in vibrational 
velocity over an element of length 01 is 


dx = —F (; al rms. kinesZ (38) 


The quantity s is the normal adiabatic elastic force Spo =Syp,, of the 
medium over the section, y being the ratio of specific heats, and p, 
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the quiescent pressure intensity in the medium. The last equation 
corresponds to the well known equation of differential increase in 
alternating current 01, over an element of conductor length 0/; namely 


dl = — E(jew) dl = — E (; °) al rms. amperes Z (39) 


where c is the linear capacitance of the conductor in farads per km., 
and s is its reciprocal. In this case, the linear leakance g of the con- 
ductor is ignored. 

Since the complete electric conductor equations for (31) and (39), 
including r and g, are 


dE = — I(r + jw)dl = — Iz al rms. volts Z (40) 
and | 


ol = —E (0 + i*) dl = — Eyal rms. amperes Z_ (41) 


we may reasonably assume that the corresponding equations for the 
acoustic conductor, including frictional resistance along the tube and 
losses due to imperfect elasticity are, from (30) and (38) 


OF = — a(r+jmw) dl = — rzdl rms. dynes Z_ (42) 
and 


dx = -¥ (e+j2)a- —Fyol rms. kines Z (438) 


In electric conductors, the linear dissipation constants r and g are 
accepted as constant at any single impressed frequency, whatever 
values may pertain to E and I; but they are known to change when 
the impressed frequency is varied over a wide range. Similarly, in 
acoustic tubes, the linear dissipation constants r and g are perhaps 
constant at any single frequency, although they may vary when the 
frequency is varied. Numerous measurements will have to be col- 
lected before the acoustic dissipation constants of a tube can be de- 
termined with precision. 

The known equations of electric propagation along uniform lines 
are applicable, following the above theory, to acoustic propagation 
along uniform tubes, when hydrostatic difference of pressure F is sub- 
stituted for electric difference of pressure E, vibratory displacement 
x for alternating quantity q, vibratory velocity z for alternating cur- 
rent I, linear mass m for linear inductance &, linear frictional resist- 
ance r for linear electric resistance r, linear acoustic elasticity loss g 
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for linear electric leakance g, and elastic force s for s, the reciprocal 
of the linear capacitance. 

Table I gives a comparison between electric and acoustic quantities 
for the case of negligible losses in transmission. 

Table II gives some comparative data for electric and acoustic 
conductors, still assumed as having no losses; but freed at the distant 
end. 

Table III gives similar comparative data for the general case of 
conductors having linear losses of known values. 

Surge-Impedance Density: In regard to Table I, it may be noted 
that the acoustic surge impedance density has no counterpart in the 
ordinary theory of electric lines. sia 

The value of the surge impedance density, by (49), is Vp p., where pis 
the density of quiescent air at 0°C and the standard pressure of 10° bars 
or dynes persq.cm. The value of pg =yp, may be taken as 1.41 X 108 
bars, and p = 1.276 X 10-*. Consequently 3 = “17.99 X 10? = 42.4 
mechanic absohms per sq. cm. of tube cross-section, under the stan- 
dard condition of 1 megabar pressure (10° dynes per sq. cm.) and 0°C. 
If the actual pressure of the quiescent air in the tube is p, bars, and 


the actual temperature is ¢° C., the surge impedance density becomes 


42.4-V'p, X 10-8 mechanic absohms 
V1 + 0.00366 t sq. cm. 


or for values not exceeding 25° C., 


42.4 X Vp, mechanic absohms 
1 + 0.00183 ¢ sq. cm. 


A rigid disk diaphragm of S sq. cm. on each face, vibrating with uni- 
form amplitude over its surface, so as to generate plane waves in the 
tube indefinitely long, would develop on each face a surge resistance 
of 


Z (70) 


42.45 x 10-3 


mechanic absohms Z (72) 


In the case of the receiver used in the reported tests, the diameter 
of the diaphragm inside the clamping ring was 4.96 cm., the correspond- 
ing surface area being 19.3 sq. cm. The surge impedance on this 
surface at 20°C. and 1 megabar pressure, if the diaphragm faced an 
indefinitely long tube of the same cross-sectional area without acoustic 
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losses, and if the vibration amplitude were uniform over the whole 
diaphragm, would be 789 VY 0° acoustic absohms. The mass factor 
of the diaphragm, as measured electrically, with its usual cover open- 
ing into the air, was 0.263; so that if this mass factor had been 
maintained under the geometrical conditions indicated in Figure 3, 
the acoustic impedance on the outer surface of the diaphragm would 
be 789 Y 0° X 0.263 = 208 Y 0° mechanic absohms. The actual 
analysis, however, of the results with the tube attached as in Figure 3, 
made the observed surge impedance on the front surface 187 Y 5°2 
mechanic absohms. The discrepancy between the computed and 
observed value of z, may be attributed to three influences (1) acoustic 
losses in the tube; (2) the sudden change in tube sectional area from 
19.3 to 7.55 sq. cm. close to the diaphragm, and (3) a probable change 
of mass factor m/M under the actual conditions of Figure 3. 


. 
| 
4 
> 
4 


KENNELLY AND KUROKAWA. 


BIBLIOGRAPHY. 


Without pretensions as to completeness. 


1. Oliver Heaviside. 

“‘ Electromagnetic Theory ”; Vol. 1, London, The Electrician 
Printing and Publishing Co., 1893. : | 

2. George F. Fitzgerald. 

“On the Effect of Leakage on Wave Propagation in Telegraph 
Wires, or Mr. Oliver Heaviside’s Theory Explained by 
Analogy.” The Electrician, May 25, 1894, pp. 106-108. 

3. Lord Rayleigh. 
“Theory of Sound.” Vol. Iand II. Macmillan & Co., 1894. 
4. A. E. Kennelly and Walter L. Upson. 

“The Humming Telephone.” Proc. Am. Phil. Soc., Vol. 47, 

pp. 329-365, July, 1908. 
5. A. Winkelmann. 

“Handbuch der Physik.” Zweiter Band Leipzig, Johann 

Ambrosius Barth, 1909. 
6. Horace Lamb. 

“The Dynamical Theory of Sound.” London. Edward 

Arnold, 1910. ° 
7. A. E. Kennelly and G. W. Pierce. 

“The Impedance of Telephone Receivers as affected by the 
Motion of their Diaphragms.” Proc. Am. Ac. Arts and Sc., 
Vol. 48, Sept., 1912, pp. 113-151; also The Electrical World, 
N. Y., Sept. 14, 1912; also British Assoc. Adv. Sc., Report 
Dundee Meeting, 1912. 

8. A. E. Kennelly and H. O. Taylor. 

“Explorations over Vibrating Surfaces of Telephonic Dia- 
phragms under Simple Impressed Tones.” Proc. Am. Phil. 
Soc., April, 1915, pp. 95-136. Bulletin No. 7, Research Div., 
El. Eng’g. Dept., Mass. Inst. Tech. 

A. E. Kennelly and H. A. Affel. 

“The Mechanics of Telephone-Receiver Diaphragms, as 
Derived from their Motional Impedance Circles.” Proc. 
Am. Ac. Arts & Se., Nov., 1915, Vol. 51, pp. 422-484, Bulle- 
tin No. 8, Research Div., El. Eng’g. Dept., Mass. Inst. Tech. 


G 
¢ 
€ 
> 
A 
. 
. 


10. 


11. 


12. 


13. 


14, 


15. 


17. 


18. 


ACOUSTIC IMPEDANCE. 39 


A. E. Kennelly and H. O. Taylor. 

“Some Properties of Vibrating Telephone Diaphragms.” 
Proc. Am. Phil. Soc., April, 1916, Vol. 55, pp. 415-460, 
Bulletin No. 11, Research Div., El. Eng’g. Dept., Mass. 
Inst. Tech. 

A. E. Kennelly. 

“The Application of Hyperbolic Functions to Electrical 
Engineering Problems.” New York. The McGraw-Hill 
Book Co., 1916. 

J. A. Fleming. 

“The Principles of Electric Wave Telegraphy & Telephony.” 

Third Edition, Longmans Green and Co., 1916, p. 347. 
A. E. Kennelly. 

“ Artificial Electric Lines; their Theory, Mode of Construction 

and Uses.”” McGraw-Hill Book Co., 1917. 
A. E. Kennelly. 

“Some Experiments on the Effects of Changes in Diaphragm 
Thickness on the Characteristics of a Telephone Receiver.” 
Journal of the Franklin Institute, November, 1917, Vol. 184, 
pp. 723-726. 

I. B. Crandall. 

“The Air-damped Vibrating System: Theoretical Calibration 
of the Condenser Transmitter.” Physical Review, 1918, 
pp. 449. 

A. E. Kennelly and H. Nukiyama. 

“Electromagnetic Theory of the Telephone Receiver, with 
Special Reference to Motional Impedance.” Proc. A. I. 
E. E., March, 1919. Bulletin No. 17, Research Div., El. 
Eng’g. Dept., Mass. Inst. Tech. 

Louis V. King. 

“On the Determination of the Electrical and Acoustic Char- 
acteristics of Telephone Receivers.” Journal of the Franklin 
Institute, May, 1919, pp. 613-625. 

W. Hahnemann and H. Hecht. 

“ Der Mechanisch-Akustische Aufbau eines Telephons.” An- 

nalen der Physik, 1919, No. 21, pp. 454-480. 
H. Mori. 

“ Study of Motional Impedance in Receivers.” The Denki 

Hyoron, Vol. VIII, 1920, Nos. 1, 2 & 3. 
C. V. Drysdale. 

“The Eleventh Kelvin Lecture.” Journal of Institution of Elec- 

trical Engineers: July, 1920, Vol. 58, p. 591. 


. 
‘ 
3 
i 
an 
Mlb, 
| 
is 
in 
Py 
| 
| 
l 6. 
| | 
19 
bd 
20 
3 
nd 


A 
ai + jaz 
B° 
Cc 
y = 1.41 
A 
OP, 5A 
E, Ep, Ea, Ep 
e = 2.718... 
F 
Fp, Fa, FB 
f 
fi, fe 
Io 
g 
g 
6 = 6: + 
I 
j=V—1 
Po 
L 
Ly 
l 
M 


KENNELLY AND KUROKAWA. 


List oF SYMBOLS EMPLOYED. 


Force factor of a telephone receiver (dynes/absampere Z ). 

Linear hyperbolic angle of an electric or acoustic conductor 
hyps hyps 

Z 

km. cm. 

Slope of force factor, or of a vector quantity ‘eliutier degrees). 

Linear capacitance of electric conductor (farads/km.). 

Ratio of specific heats of air or other gas (constant pressure 
to constant volume) (numeric). 

Apparent damping constant of a telephone receiver (hyps/ 
second). 

Position angles at point P and at sending end A, of electric or 
acoustic conductor (hyps Z ). 

Electromotive force in a circuit, at a 7 P ona voniticithine, 
at sending end A, and at receiving end B (rms. volts Z ). 

Napierian base (numeric). 

Vibromotive force on a diaphragm; also at any surface across 
which vibration occurs (rms. dynes Z ) 

Vibromotive force over section of acoustic conductor at P, at 
sending end A or far end B (rms. dynes 

Impressed frequency (cycles per second). 

Lower and upper quadrantal frequencies of telephone receiver 
(cycles/sec.). 

Frequency of apparent resonance of a receiver (cycles/sec.). 

Linear Jeakance of electri¢ conductor (mhos/km.). 

Coefficient of linear resilience loss of acoustic conductor (mech. 
absohms/cm.). 

Angle subtended by an electric or acoustic conductor (hyps Z ). 

Current strength in a telephone receiver (rms. absamperes Z ); 
also current strength along an electric conductor (rms. am- 
peres 


Compression, or ratio of rms. diminution in volume to quiescent 
volume (numeric). 
Length of electric or acoustic conductor (km. or cm.). 


Distance from point P to far end of an electric or acoustic con- 
ductor (km. or cm.). 


Linear inductance of electric conductor (henrys/km.). 

Length of an electric conductor (km.). 

Length of an acoustic conductor (em.). 

Wavelength on electric or acoustic conductor (km. or cm.). 

— ei of a ali diaphragm within its clamping circle 
gm 


zd 
; 
4 
j 
4 
| 
. 


m, 


Po 


Po = YPo 
=z 3.141... 


ll 
TD | 


ACOUSTIC IMPEDANCE. 4] 


Equivalent mass of a vibrating diaphragm within its clamping 
circle (gm.). _ Equivalent mass of diaphragm in absence of 
air (gm.). 

Linear mass of air or other gas in acoustic conductor (gm./em.). 

Power at a point on an electric or acoustic conductor (watts 
or abwatts 

Ratio of equivalent displacement turns to exciting turns in a 
telephone receiver (absamperes/cm.). 

Acoustic alternating pressure (deviation from quiescent hydro- 
static pressure) at a cross section of an acoustic conductor 
(dynes/sq. em. Z 

Hydrostatic pressure in quiescent air of acoustic conductor 
(dynes/sq. em.). 

Adiabatic hydrostatic pressure in quiescent air of tube (dynes/ 
sq. cm.). 


. (numeric). 


Quantity of electricity in an a-c. line conductor (rms. coulombs). 
Electric resistance of a telephone receiver as measured with a 
continuous current (absohms). 


Apparent resistance of a telephone receiver to alternating cur- 
rents when free and vate (absohms). 

Mechanic resistance of a diaphragm excluding effects of mag- 
netic hysteresis (mech. absohms). 

Total mechanic resistance of a diaphragm at apparent reso- 
nance (mech. absohms). 

Effective mechanic resistance of a diaphragm due to magnetic 
hysteresis (mech. absohms). 

Linear resistance of electric conductor (ohms/km.). 

Linear resistance of acoustic conductor (mech. obsohms/cm.). 

Density of quiescent air or other gas in acoustic conductor 
(gm./c.c.). 

Surface area on one side of a diaphragm or cross-sectional area 
of an acoustic conductor (sq. cm.). 

Reciprocal of linear capacitance of electric conductor (daraf- 


Resilience force of acoustic conductor over its entire cross- 
section (dynes). 

Stiff _ coefficient of a telephone receiver diaphragm (dynes/ 
cm.). 

Apparent change in mechanic stiffness of a diaphragm due to its 
vibration in a permanent magnetic field (dynes/cm.). 


Electric or acoustic load at the B end of a long conductor 
(ohms Z or mech. absohms Z ). 


Elapsed time from epoch (seconds). 
Temperature in gas within acoustic conductor (deg. Cent.). 
Oscillatory sharpness of resonance (numeric). 


Velocity of transmission in electric conductor (km./sec.) and - 


in acoustic conductor (em. /sec.). 


Reactance of a telephone receiver free and damped respectively 
(absohms). 
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zx 


x 
x 
Um; Xm; Xm 


2,2 


Los Xo 


Y’ =1/2’ 
y 


Z, Za 
Zp, ZA 


° 
Zi, Zo, Z 
z’ 
Zd 


Zz 


Zoy Zo 


Bly 3 


w = 2nf 
Z 

rms 

ab or abs 


a-c 
d-c 


Displacement of a diaphragm from its quiescent position or of 
a 4% layer of air in a tube from its quiescent position (rms. 
em.). 

Vibrational Velocity of a diaphragm or of a thin layer of air 
in a tube (rms. cm./sec. Z ). 

Vibrational acceleration of a diaphragm or of a thin layer of air 
in a tube (rms. em./sec.? Z ). 

Maximum cyclic sizes of vibrational displacement, velocity and 
acceleration (cm., kines, kines/sec.). 

Root mean square values of displacement and velocity taken 
over entire surface of flexible vibrating diaphragm (cm. Z, 
kines Z ). 

Root mean square values of displacement and velocity at center 
of vibrating telephone diaphragm (cm. Z , kines Z ). 

Electric ‘motional admittance of telephone receiver (ohms Z ). 

Linear admittance of electric conductor (ohms/km. Z ). 

Linear admittance of acoustic conductor (mech. absohms/ 
em. Z ). 

Impedance of a telephone receiver, free and damped (absohms 


Impedance at point P and at sending end of electric line 
(ohms Z ) or for acoustic line (mech. absohms Z ). 


Z' = Z —Zq Motional impedance of telephone receiver (absohms Z ). 


Maximum or diametral value of receiver motional impedance 
(absohms Z ). 

Acoustic impedance on sides 1 and 2 of a diaphragm and their 
vector sum (acoustic absohms Z ). 


Total mechanic impedance on a diaphragm (mech. absohms Z ). 
— mechanic impedance of a diaphragm (mech. absohms 


Virtual mechanic impedance of a diaphragm due to its vibra- 
tion in a permanent magnetic field (mech. absohms Z ). 


Linear impedance of electric conductor (ohms/km.). 
ae impedance of acoustic conductor (mech. absohms/cm. 


Surge impedance of electric and acoustic conductor (ohms Z, 
mech. absohms Z ). 

Acoustic impedance densities on sides 1 and 2 of a diaphragm, 
and their vector sum (acoustic absohms/sq. cm. Z ). 

Impressed angular velocity (radians/sec.). 

Sign indicating a planevector quantity or complex number. 

Root mean square. 

Prefix signifying a C.G.S. unit. 

Alternating-current. 

Direct-current. 
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